In studying encounters between binaries and single stars, one is interested in three classes of events: exchanges of stars, hardening of the original binary by a third star, and the production of merged objects. We present a means for computing cross sections for these three outcomes for an arbitrary binary and single star as might be found in the core of a globular cluster. The cross sections for a number of binaries in various stellar populations are then computed. We consider multiple encounters and the ultimate fate of a population of binaries fed into the cores of di erent globular cluster models. We see that the presence of only a relatively small number of binaries (containing 10% of the stars) will boost the production rate of astrophysically-interesting objects by a factor of at least a few over the rates expected from encounters between single stars. In particular, the ratio of smothered neutron stars to low-mass X-ray binaries (LMXBs) may be greatly increased, possibly explaining, in part, the excess of millisecond pulsars compared to LMXBs.
INTRODUCTION
Encounters involving binaries may be important in globular clusters even if their relative fraction is low, owing to their large cross section. When considering the evolution of dense stellar systems, and stellar encounters within them, one would therefore wish to account for encounters involving binaries, which may provide the energy source to support a core from collapse and may produce many of the stellar exotica seen; including blue stragglers, low-mass X-ray binaries (LMXBs), and millisecond pulsars (MSPs), Encounters between binaries and single stars treating the stars as point masses have been considered in numerous works (Hut 1994 , and references contained therein). Some allowance has also been made for the nite size of the stars in three-body simulations (see for example, Sigurdsson & Phinney 1994) . Cleary & Monaghan (1990) , and Davies, Benz & Hills (1993 ) also considered the hydrodynamical e ects by performing some encounters using a smoothed particle hydrodynamics (SPH) code.
Studies of encounters between binaries and single stars show three main outcomes: the incoming star replaces one of the original components forming a new, detached, binary in a so-called clean exchange, the incoming star simply hardens ? Current Address: Institute of Astronomy, Madingley Road, Cambridge CB3 OHA the binary without any exchange occuring { a so-called yby, or a merger between two of the stars occurs. One would wish to have expressions for these three outcomes; the exchange cross section, cx; the y-by cross section, fb; and the cross section to form a merged object, mb. The last outcome bifurcates; the merged object may be bound to the third star, producing a so-called merged binary (MB), or it may be unbound, an event that has been dubbed a scattering-induced merger (SIM).
We seek a means for computing these cross sections for various stellar masses, binary separations, and relative velocities. Rather than consider the three stellar masses, we can consider two mass ratios; the ratio of the secondary to the primary in the original binary, q1, and the ratio of the incoming eld star to that of the primary mass, q2. We performed a series of three-body encounters for a range of mass ratios, q1, q2, and from them derived a number of parameters used to calculate the various cross sections. We then apply these cross sections, and feed various binaries into various stellar populations and compute the distribution of objects produced.
The parameters required to calculate the various cross sections are discussed in x2. The results of our three-body runs are given in x3. We apply these results in x4 and compute the various cross sections for various binaries in various stellar populations. We consider multiple encounters and the 2 Davies Table 1 . Parameters obtained for encounters involving circular binaries as a function of the ratio of the mass of the primary to the secondary in the original binary (q 1 ) and the ratio of eld-star mass to the mass of the primary (q 2 ). See text for de nitions of the parameters. Table 2 . Parameters obtained for encounters involving circular binaries as a function of the ratio of the mass of the primary to the secondary in the original binary (q 1 ) and the ratio of eld-star mass to the mass of the primary (q 2 ). See text for de nitions of the parameters. 
THEORETICAL CROSS SECTIONS AND SCALING LAWS
The cross section for a single star to pass within a distance Rmin of the center of mass of a binary is given by = R 2 min (1 + V 2 c =V 2 1 ), where V1 is the relative speed at in nity, and Vc is the relative speed at which the system has zero total energy and is given by V 2 c = F(M1; M2; M3)=d = GM1M2(M1 + M2 + M3)=M3(M1 + M2)d, where M1 is the mass of the primary, M2 the mass of the secondary and M3 is the mass of the incoming, single star. In order for an exchange encounter to occur where the impacting star replaces one of the binary components, one might expect 
where q1 = M2=M1, q2 = M3=M1, and F(q1; q2) = q1(1 + q1 + q2)=q2(1 + q1). The constant kex(q1; q2) has to be determined through numerical simulations. Similarly, one may write an expression for the cross section for y-by encounters, where the components of the binary remain unchanged, but the binary is hardened by some minimum amount (taken to be 10% in our later calculations here).
where again kfb(q1; q2) has to be determined through numerical simulations. One may also compute the cross section for two of the three stars to pass within some minimum distance during an encounter. Hut and Inagaki (1985) found that such a cross section can be written in the following form, for the ith and jth stars, rmin(i; j) = krmin(q1; q2; i; j) d 2 GM1F(q1; q2) d 1 V 2 1 Table 3 . Parameters obtained for encounters involving eccentric binaries as a function of the ratio of the mass of the primary to the secondary in the original binary (q 1 ) and the ratio of eld-star mass to the mass of the primary (q 2 
where both krmin(q1; q2; i; j) and (i; j) are to be determined (typically (i; j) 0:5). We must nd these constants for each of the three pairs; 1, 2; 1, 3; and 2, 3. We consider the three pairs separately to maintain generality; if two of the three stars are compact, we will not wish to consider close encounters between them (unless the binary separation is extremely small). We must also consider separately the cross section for encounters that contribute to either the exchange or y-by cross section but which really led to some form of merger event. Again, we must consider each pair of stars separately. We thus have to compute nine values of krmin and .
To compute cross sections for mergers, we have to provide a value for the minimum distance, rmin(i; j), between the ith and jth stars. Here, we use the simple formula obtained by Kochanek (1992) 
where, for a given pair, the larger of the two values of Rmerg is used.
We also have to di erentiate between merger events leading to so-called merged binaries (MBs), where the merged object remains bound to the third star, and scattering induced mergers (SIMs), where the two objects are unbound. We may determine this branching ratio empirically for each set of simulations, thus having sim = sim rmin mb = (1 sim) rmin (5) where we have to compute an for each of the three pairs of stars. We compute the cross sections in equation (4) for each of the three pairs and sum them (assuming all pairs contain no more than one compact star).
We compute the cross sections for clean exchanges by subtracting the cross section of exchanges that would really have led to merger events from the exchange cross section given in equation(1). We thus have cx = ex rminjex (6) where rminjex is the cross section of merger events that were eroneously labelled as exchanges. Written out in full, rminjex = i12 rminjex (1; 2) + i13 rminjex (1; 3) + 4 Davies i23 rminjex (2; 3), where i12, i13, and i23 are unity unless both stars in the pair are compact objects, in which case the value is zero. We apply a similar procedure to the y-by cross section, with the cross section for clean y-bys being given by cfb = fb rminjfb (7) where rminjfb = i12 rminjfb (1; 2) + i13 rminjfb (1; 3) + i23 rminjfb (2; 3), and, as before, i12, i13, and i23 are unity unless both stars in the pair are compact objects, in which case the value is zero.
RESULTS
We performed simulations of three-body encounters for three di erent values of q1 and four di erent values of q2, thus yielding twelve di erent combinations. We considered both circular and eccentric (e=0.5) binaries. In all cases the binary had a separation, d = 60R , and V1 = 10km/s.
Some of these sets of encounters have been discussed elsewhere (Davies, Benz & Hills 1993 ). For each set of encounters, we computed the various cross sections as described in the previous section, and thus calculated the parameters required to obtain the cross sections for a di erent binary/single star encounter. These parameters are listed in Tables 1-4 , the units for the masses and separations of the stars being solar, with velocities being given in units of 10km/s.
Cross Sections for Particular Binaries
We rst apply the results of our three-body runs to compute the cross sections for particular binaries for a range of incoming eld stars. For simplicity here, we consider only binaries containing two 0.7M stars (i.e. q1 = 1:0), and consider only binaries having an eccentricity, e = 0:5. In practice, the eccentricity of the original binaries has very little e ect on the relative cross sections, rather all cross sections are increased by 50% when comparing encounters involving circular binaries to those involving binaries of eccentricity, e = 0:5.
We consider binaries of three di erent separations; 50R , 100R , and 200R . In the following discussion, we will assume equipartition of kinetic energy, i.e. MiV 2 i = a constant. This assumption will certainly be valid in the cores of clusters, where the relaxation time is short. The mean relative speed at in nity between two stellar classes 1 and 2 can be estimated by (Verbunt & Meylan 1988) 1
In Figure 1 we show the computed cross sections for mergers, clean exchanges, and clean y-bys (shaded black, dark grey, and light grey respectively), as a function of the Figure 1 , we can see that for a smaller binary separation, a lower fraction of encounters with a third star will lead to a clean exchange. As y-bys and exchanges tend to harden a binary (by an average amount of 40%), one might imagine the following scenerio for the evolution of a binary fed into the core of a globular cluster: the initial binary is su ciently wide that clean exchanges or y-bys are more likely than mergers, however after a small number of such encounters, the binary has been hardened su ciently that mergers are more likely. Once a merger occurs, the merged object will either be unbound to the third star, and thus the binary can be considered to have been broken up, or it will be bound to the third star, forming what we dubbed a merged binary. Such a binary typically has a wide separation, and thus represents a large target for subsequent encounters with other stars.
Encounter Rates for Particular Binaries
We next consider the encounter rate predicted from our computed cross sections. The rate of encounters between a given binary and the ith class of eld stars, of number density, ni, is given by nih biVbii, where Vbi is the relative speed at innity between the binary and the eld stars of the ith class, rates as a function of eld star mass, we must select a stellar population. In this general discussion, a simple power law will su ce, i.e. dN=dM / M . In Figure 2 we show the computed encounter rates for the binary of separation 50R with values of of 0, 1, and 2, with the rates normalised to the clean exchange cross section when M3 = 0:7M , and = 0. As in Figure 1 , clean exchanges, mergers, and clean y-bys are shaded black, dark grey, and light grey, respectively. The dependence of the relative encounter rates on is clear; the atter the stellar population, the greater the relative rates of clean exchanges compared to mergers. The IMF of the galaxy seems to have 2:35, however the relatively heavy stars in a globular cluster preferentially sink to the core resulting in a atter distribution, possibly even changing the sign of the distribution (Grabhorn et al. 1992 ).
PRODUCTS OF FIRST ENCOUNTERS
We now consider the products of rst encounters in more detail. We consider encounters between the three di erent binaries and the three stellar populations considered in x3.2, leading to nine sets of runs in total. For each stellar population, we consider a total of 10 5 stars and bin them logarithmically in mass. The number of stars contained in each bin, along with the average mass of the stars in that bin, is given in Table 5 , for the three values of used. We per- The average mass for each mass bin, Mav, is given in solar units. . M 1 M 2 is the product of the masses of the two components, given in M , and the semi-major axis of the binary is given in R .
formed a monte carlo run of 10000 encounters for each of the nine combinations, counting up the number of clean exchanges, etc that occurred. The number of the various outcomes are listed in Table 6 . From this table we see that, for a given value of , the number of clean exchanges occurring increases with increasing binary separation, d, as expected.
The majority of clean exchanges involved either a white dwarf or neutron star as the incoming third star, which is as expected; more-massive stars are more e ective at removing one of the components of the original binary in an exchange. We see in all cases, the vast majority of scattering induced mergers (SIMs) involve the merger of two main-sequence stars. This is because the most common form of a SIM involves the two components of the original binary merging; here we have assumed the original binaries were comprised of two main-sequence stars. The number of merged binaries 6 Davies Table 6 . The frequency of the possible outcomes for rst encounters between a binary and a single star, as a function of the IMF power law, , and the separation of the binary, d. The initial binary was composed of two main-sequence stars of mass 0.8393M . CXs are clean exchanges, SIMs are scatteringinduced mergers (two of the three stars merged remaining unbound to the third star), MBs are merged binaries (two of the stars merged but remain bound to the third object), and SMOs are single merged objects (all three stars merge). Merged binaries are split into safe (those resilient to being broken up by a subsequent encounter) and vulnerable (those likely to be broken up on a subsequent encounter. Each category is further subdivided by the nature of the third star the binary interacted with: MS for main-sequence stars, WD for white dwarfs, and NS for neutron stars.
produced decreases with d. We also note that the fraction of merged binaries vulnerable to being broken up by a subsequent encounter with a third star increases with increasing d. This is no surprise; it is merely that merged binaries formed from wider binaries will themselves be wider. The number of single merged objects (SMOs) is small in all cases, with more being produced for smaller values of d. Most involve three main-sequence stars, encounters between the binary and massive compact objects (i.e. white dwarfs and neutron stars) tend to lead to either exchanges, or merged binaries. Increasing the value of the IMF power law, , leads to fewer neutron stars and white dwarfs, and thus the number of encounters involving such objects decreases.
In Figure In Figure 4 , we plot the semi-major axis vs. eccentricity of the merged binaries and clean exchanges. Lines of constant pericentre separation are also included. From this gure, it is clear that a large fraction of post-encounter binaries will have appreciable eccentricity. We will discuss the timescale for circularisation in a later section. It is important to realise that the nal separation d, after circularisation, can be considerably smaller than the initial semi-major axis of the eccentric binary, and is given by d = (1 e 2 )decc. Hence if the initial eccentricity, e 0:9, d=decc 0:2. 
MULTIPLE ENCOUNTERS
As discussed in x4, many of the systems produced in rst encounters with primordial binaries will su er subsequent encounters in a timescale shorter than a Hubble time, in some cases in a considerably shorter time. For su ciently wide binaries, we have seen in x4 that most encounters will result in either a y-by, or a clean exchange. In either case, the post-encounter binary will most often have been hardened (typically by 40%), the change in potential energy being seen in a boost to the binary's kinetic energy. The harder the binary, the greater the kick received, of course.
After only a few such encounters, the kicks are large enough to remove the binary from the core. A subsequent encounter is thus delayed until the binary has di used back into the The Binary Zoo 7 is the exponent of the IMF power law, W 0 is the depth of the potential well (in unit of the central velocity dispersion 0 ). r 0 is the characteristic radius (in pc), rc is the core radius, r h is the half-mass radius, and rt is the tidal radius. The central density, 0 , is given in units of M /pc 3 . The central velocity dispersion of stars of mass mc (given in M ), 0 is given in km/s. The total mass of the cluster, Mt is given in M . Mc is the mass of the cluster core. The core relaxation timescale, rc, is given in years. is the parameter t for the gravitational potential (see equation 22]). core again, this time being a very sensitive function of the apogee of the trajectory of the binary.
When discussing energetics of stars in globular clusters, it is convenient to work in units of m 2 = kT, where m is the mean mass of stars in the core, and is the characteristic 1-D velocity dispersion. For single-mass models of moderately concentrated clusters, the central potential 5 10kT (Binney & Tremaine 1987) . For stars of equal mass, the third star carries o 2/3 of kinetic energy in the recoil, hence to eject the binary from the cluster we require E 30 60kT (as the binary contains two stars). Given that a binary typically hardens by about 40%, binaries are therefore vulnerable to ejection once they harden to Ebin 80 160kT. The equivalent binary separation will depend on the velocity dispersion, and the masses of the components, but assuming 10km/s, and stars of solar mass, yields a separation of d 20 40R .
Cluster Models
We use King-Mitchie models to describe various globular clusters. We model the stellar population by some power j. In the models we consider here, we simplify the models by assuming the velocity dispersion is iostropic for the whole of a cluster (i.e. ra = 1). In a companion work (Davies & Benz 1994]), we consider models for the globular clusters for ! Cen and 47 Tuc produced by Meylan (1987 Meylan ( , 1989 ) which include a non-trivial anisotropy radius.
The value of the scale radius, r0, is given by r0 = r 9 2 0 4 G 0
The total mass of the system, Mtot is given by Mtot = r0 2 0 G Utot (12) where Utot = 9 R t 0 02 d 0 . With W0, a, and j for all the mass bins speci ed, equation (10) can be integrated until W = 0 at which point we have reached the cluster edge. One adjusts the values of j until the fractions of mass contained in the various mass bins agrees with the assumed mass function. Thus we are able to compute the density of each mass bin as a function of radius given certain characteristics of the globular cluster.
A choice of 2 0 and 0 then yield a physical value for r0, and Mtot. It should be noted that r0 and the core radius, rc are not necessarily identical. The core radius is de ned observationally as the radius at which the surface brightness is half the central value. The scale radius takes its de nition from equation (11) and is the core radius for stars of mass mc. The two radii will take di erent values as long as the turn-o mass (the mass of the stars contributing mostly to the surface brightness) di ers from mc. The di erence is computed here, though the discrepancy is relatively small, always being less than 30%. We considered three power laws for the IMF, taking values of of 2.00, 2.35, and 2.70. We considered stars having a mass between 0:14M and 15.0M . Stars more massive than 8.0M were considered to evolve into neutron stars via type II SN. Those between 4.7 and 8.0M are deemed to leave no remnant (Iben & Renzini 1983) , whilst the remaining stars above the present turn-o leave white dwarfs of mass, Mwd = 0:58 + 0:22(Mms 1)M . The stars are then binned in the same manner as the populations listed in Table  5 .
We considered values of the central potential depth, W0, ranging from 4 to 16. For a given IMF, we solved equation (10) to produce the spatial distribution of the stars in each mass class. Suitable values for and 0 were then chosen by comparing our model clusters with properties derived for 56 clusters by Pryor & Meylan (1993) . In Figure 5 we plot the concentration, rt=r0, as a function of 0 and for the 56 clusters studied by Pryor & Meylan. The values adopted for our models for = 2:35 are also shown (rt=r0 was found to be largely independent of for the range of IMFs we considered). Having selected values for 0 and , the values for r0 and Mtot were computed, and are listed in Table 7 , together with other properties of the globular cluster models.
To obtain the total stellar population in the core, we integrated the number densities of the various stellar species out to a scale radius. The stellar population in the core of a cluster di ers from the IMF of the whole cluster; mass segregation results in the core containing more massive stars. This e ect is more pronounced in more collapsed clusters (i.e. clusters with a larger value of W0), as can be seen in Table 8 .
Encounters between Two Single Stars
Before we consider encounters between binaries and single stars, we consider the rate of encounters between two single stars, given the core models in The Binary Zoo 9 We thus calculate the encounter rates between the various stellar species for the models listed in Table 8 ; the results being listed in Table 9 , with production rates being given in units of encounters/10 8 years. We assume here that all close encounters between two main-sequence stars that become bound produce blue stragglers. There has been much debate concerning whether binaries can be formed via tidal capture. Here we simply list all close encounters between mainsequence stars and white dwarfs and neutron stars. Some fraction of these encounters may lead to binaries rather than a smothered compact object. Simulations suggest that less than half the encounters produce binaries (Davies, Benz & Hills 1992) . From Table 8 , we see that the encounter rates are an extremely strong function of cluster concentration. The most-collapsed clusters (models D, E, and F) show larger rates. The rates are also seen to be a function of the IMF; smaller values of the power-law exponent, , implies a larger fraction of neutron stars and white dwarfs compared to main-sequence stars, and this di erence is echoed in the encounter rates.
Timescales
The components of a tight binary will spiral-in because of angular momentum losses via magnetic winds and gravitational radiation. For the binaries containing at least one main-sequence, it has been suggested that magnetic breaking will dominate over general relativistic e ects (Verbunt & Zwaan 1981 (15) where here we will take = 1.
For systems containing two compact objects, inspiral will still occur due to angular momentum loss from gravitational radiation. Beginning from a separation d, merger will occur on a timescale given by (Landau & Lifshitz 1962) If a binary circularizes, the nal separation, d = (1 e 2 )decc where decc is the semi-major axis of the eccentric binary, having eccentricity, e. The timescale for a binary of separation d to encounter something is largely independent of the slope of the IMF (see Figure 2) . It can be approximated by (18) where n4 is the total number density of stars in units of 10 4 /pc 3 . For computational simplicity, the gravitational potential for one of the globular cluster models can be approximated (for rc < r < 10 rc) as 0 log r rc 0
where 0 is the depth of the potential. was determined empirically for each model, and is listed in Table 7 . The relaxation time can be taken to be r = rc(r=rc) 2 where the core relaxation time, rc is given by (Lightman & Shapiro 1977) where m is the mean stellar mass in the core, and Mt is the total mass of the cluster, as listed in Table 7 . Using the assumptions discussed above for the potential well of a globular cluster and the radial dependence of the local relaxation time, we can compute the timescale for the return of a binary to the core of a cluster, having been removed with speci c energy kick. Following Hut, McMillan & Romani (1992) , we assume the evolution of the orbital apocenter, ra, is given by
where re = (r 3 c ra) 1=4 , and r is the local relaxation time.
Intergration and simple algebra then gives the timescale for return to the core as ret 2 3 rc 10 (3 kick =2 0 ) 1
These various timescales are plotted in Figure 6 , for three di erent cluster models. For simplicity here we assumed all stars were solar. In all three plots, the timescales for inspiral via magnetic winds and gravitational radiation are unchanged, as is the timescale for binary circularisation, Davies as these depend purely on the properties of the binary, ofcourse. Both the encounter timescale and the timescale to return to the core, assuming the binary received a kick in its last encounter, increase with decreasing density. For a binary of separation, d = 1000R , the encounter timescale ranges from 10 7 years for the densest cluster shown in Figure 6 , to 10 9 years for the least dense. As we shall see later, this range in timescales will turn out to be crucial in determining what fraction of binaries will have su ered many encounters in a cluster core, leading often to ejection, merging, or breakup. Imagine that we begin with a binary of separation, d = 1000R . From Figure 6 , we note that in the densest two cluster cores, the binary will quickly encounter a third star. In such wide binaries, most encounters will either be a y-by or a clean exchange. In either outcome, we will be left with a detached, but hardened, binary. Typically, we expect the binary to be hardened by 40%, in other words we expect dnew ' 0:7dold. As for the two densest clusters, enc 10 10 years, we expect this binary to undergo many subsequent encounters, gradually getting harder. As the binary gets harder, encounters with a third star are more likely to lead to a merger. We have seen that merged binaries tend to have much larger separations, hence we expect any merged binaries to rapidly undergo a subsequent encounter (on a timescale 10 7 10 8 years for the two densest clusters considered in Figure 6 ). We note from Figure 6a that enc 10 10 years when d 100R . We are therefore unlikely to produce many binaries much harder than this in such low-density clusters, and in turn we expect the number of merged systems to be reduced.
It is also important to note that ret enc for d 10 20R . ret increases rapidly with decreasing d for d 10 20R , as binaries of this separation will get ejected from the core almost to the outer edge of the cluster halo, and thus take an extremely long time to di use back into the core. It is also worth noting that in the three clusters considered in Figure 6 , subsequent encounters on timescales 10 10 years are not delayed signi cantly by having to wait for the binary to re-enter the core.
We see from Figure 6 that magnetic breaking will bring a 1M main-sequence star and its 1M companion together in 10 10 years, if d 10R . Gravitational radiation performs a similar function when the initial separation d 4R . In order to reach such small initial separations, we will rst have to pass through a common envelope phase, as will be discussed in the next section.
We note also that circ 10 10 years for d 20R . Recalling that after circularisation, d = (1 e 2 )decc, we see that relatively wide, eccentric binaries, ultimately evolve into much smaller, circular, ones. For example, a binary with e = 0:8, and decc = 30R will produce a circular binary, with d ' 10R . In other words, if we can produce fairly hard binaries (d 10 40R ) with sizeable eccentricity, these may then circularise into systems hard enough to come into contact in a Hubble time.
Stellar Evolution Issues
A white dwarf smothered by the remnant of a main-sequence star will evolve into a red giant on a thermal timescale (10 6 10 7 years). Such objects contained in resilient merged binaries will engulf the other component of the binary form- The timescale for an encounter with a single star is shown with a solid line, the timescale to return to the core after being ejected by an encounter is given with a long-dashed line. The timescale for circularisation is given by a dot-dashed line, whilst the timescales for inspiral due to magnetic breaking and gravitational radiation are given by dotted and short-dashed lines respectively.
ing a common envelope system. In such a system, the white dwarf and other component will spiral together as the common gaseous envelope is ejected. and depends on the structure of the red giant envelope and 0:5. Hence with a choice of ce (typically taken to be 0.2-0.4 Taam & Bodenheimer 1989]), we are able to compute the nal separation of the white dwarf and second star. Such a mechanism will be of great use in producing hard binaries in globular clusters.
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Next we consider neutron stars smothered by mainsequence stars. The subsequent evolution of such an object is extremely uncertain. It is possible that a stable envelope con guration can be obtained where material is accreted onto the surface of the neutron star and supports the envelope. Such a Thorne-Zytkow Object will live for 10 6 years as a supergiant before the envelope has been completely ejected via a wind (Cannon 1993 ). If we assume this evolutionary scenario is correct, then any smothered neutron stars contained in binaries will lead to common envelopes as the envelope expands. The evolution can then be modelled as described above for smothered white dwarfs. It has also been suggested that the envelope will be ejected after an extremely small amount of material has been accreted. If this latter scenerio is correct, then no common envelope phase will occur, and the merged binaries are likely to broken up by the instantaneous mass loss, or the binaries will be so weakly bound after the episode of mass loss that they are likely to be broken up by an encounter with a passing third star.
The Evolution of Binaries in Globular Cluster
Cores Following Hut, McMillan & Romani (1992) , we consider the core of a globular cluster to be composed of a static population of single stars and a population of evolving binaries. In practice, the background of single stars will also be evolving, though the core may be supported from collapse by the energy released from the binaries. This analysis represents a reasonable intermediate step until a full n-body treatment is conducted. We imagine binaries di using into the core, encountering a single star (or perhaps many single stars) and producing some new binary/object. We neglect 2+1 encounters occuring outside of the core (this is not unreasonable as only a small fraction of the encounters will occur outside of the core). For a given binary, we compute its cross sections for interactions with all the di erent mass classes of single stars, select one at random (weighted by the cross sections) thus producing a new object. If the new system is a binary that is not ejected from the cluster, we repeat the process, thus simulating subsequent encounters. If the new binary is removed from the core, but not from the cluster, we estimate a timescale for the binary to return to the core, as given by equation (22), and reinsert it into the core after the computed delay. We injected 1000 binaries into the core of each of the cluster models and evolved the binaries until one of the following occurred: 1) a merged object was produced in a scattering-induced merger (SIM), 2) the binary was deemed to be likely to be broken up through an encounter with a third star (M1M2=d < 0:001 in solar units), 3) a single merged object (SMO) was produced, 4) the binary was ejected from the cluster, or 5) the binary was deemed to have come into contact via inspiral from either a magnetized wind or gravitational radiation. Additionally, in some runs we halted the evolution of the binaries when a smothered neutron star was produced, as the subsequent evolution of such an object is currently unclear.
There are clearly a great number of parameters we can vary; the cluster model, described by its IMF, and concentration, the population of binaries we feed into the cluster Final outcome of the binaries evolved in Run 1, as a function of when the nal object was produced. SIM are scattering-induced mergers, SMOs are single merged objects, TDS refers to smothered neutron stars (thick disk systmes). Contact refers to binaries brought together via magnetic breaking, whilst inspiral refers to binaries brought togethervia gravitational radiation.
core, and their distribution of injection times. We also have to decide how long to evolve the cluster binaries for. Finally, we have to consider two stellar evolution issues; assigning a value to the e ciency of the common envelope phase, ce, and deciding how to treat smothered neutron stars (see x5.4). Rather than consider the full range of possibilities here, we show a restricted set, changing only one of the above parameters at a time in an attempt to show trends.
The E ect of Changing the Injection Time and Duration of the Run
We will begin by considering a moderately concentrated cluster (W0 = 12:0) with an IMF, = 2:35. In run 1, we injected 1000 binaries (each containing two 0.8393M main-sequence stars) into the core and let them evolve until one of the criteria described above were met. The initial binary separations were chosen randomly with equal probability in logd from the range 100R < d < 704R (the upper being by forcing M1M2=d > 0:001 in solar units; this being the criteria for a hard binary unlikely to be broken up by a passing third star). In this run, we stop the evolution of a binary as soon as a smothered neutron star is produced, labelling the outcome as a TDS. We also adopted ce = 0:4. In Figure 7 we plot the nal outcomes of the 1000 binaries as a function of when the outcomes occurred. The rst thing to note from this plot is that a fraction of the binaries are not resolved until much later than 15Gyr after they have been inserted into the cluster core. We see from Figure 7 that breakup and SIM events occur almost immediately with a large fraction of such events occurring after a few Gyr. However, we see that ejection and binary coalescence events (labelled as contact and inspiral in the gure) tend to occur later. This is not surpising; in the case 12 Davies . is the exponent of the power-law IMF. ce is the e ciency in the common envelope stage. BP is the binary population: in type A, the initial binaries always contain two 0.8393M main-sequence stars, in type B they contain two main-sequence stars drawn independently from the IMF, with the extra criterian that their total mass > 1M . t evol is the total time the binaries were allowed to evolve (in Gyr), with the binaries being initially injected into the core at a time drawn randomly between zero and t inj , given in (Gyr). BS is the number of blue stragglers produced when two main-sequence stars collided during an encounter.
TDS is the number of smothered neutron stars produced (when this was one of the criteria for terminating the evolution of the binary). Contact binaries are those systems brought into contact via angular momentum loss by magnetic winds. This outcome is further subdivided into: X-ray binaries (XB) when the system contains a neutron star more massive then its main-sequence companion, cataclysmic variables (CV) when the system contains a white dwarf more massive than its main-sequence companion, smothered neutron stars (SN) and smothered white dwarfs (SW) when the compact obejects are less massive than their companions, and blue stragglers (BS) when both components are main-sequence stars. Systems brought into contact via gravitational radiation are labelled MGRI (mergers through gravitational radiation inspiral). This outcome is further subdivided into: neutron star/white dwarf mergers (NW), white dwarf/white dwarf mergers (WD 2 ), and neutron star/neutron star mergers (NS 2 ). WD 2 are further subdivided into those where the total mass exceeds the Chandrasekhar mass (WD 2 a ) and those of smaller total mass (WD 2 b ).
of ejections, the binary must rst harden via exchanges and y-bys until the recoil is su cient to remove it from the cluster. To produce a coalescence via inspiral from gravitational radiation (labelled simply as inspiral in the gure), the binary rst passes through a CE phase, the two compact objects being left 3R apart. These two stars then spiral together as angular momentum is lost through gravitational radiation on a timescale 10Gyr. Binaries may also be brought into contact as angular momentum is lost via a magnetized wind from a main-sequence star component of the binary, on a timescale 1 5Gyr, if the initial separation 8R . Single-merged objects (SMOs) are produced only for encounters involving hardened binaries hence are only seen after 1 10Gyr.
In Table 10 we list the frequencies of the various possible outcomes. For the systems brought into contact by angular momentum loss from a magnetized wind we di erentiate between ve possible outcomes: if a main-sequence star is lling its roche lobe and transferring material to a neutron star an LMXB will be produced if the neutron star is the more massive of the two stars, otherwise a thick-disk system (TDS) will be produced with the neutron star smothered by the remains of the main-sequence star; we apply a similiar criterion for mass transfer onto a white dwarf, producing either a CV if the white dwarf is more massive, or a smothered white dwarf. This approximation is reasonable given the nature of these simulations. Finally, if both components of the binary are main-sequence stars, we tag the merged object as a blue straggler. This is another mechanism for producing blue stragglers in addition to those produced diThe Binary Zoo 13 rectly through collisions of two main-sequence stars during a 2+1 encounter.
For systems coalescing after losing angular momentum via gravitational radiation, we distinguish between the following outcomes: the system may contain two neutron stars, a neutron star and a white dwarf, or two white dwarfs. In the latter case, we further distinguish between those systems containing a total mass greater than the Chandrasekhar limit (1.4M ) and those less massive.
Run 2 is identical to run 1 except that we only evolved the binaries for 15Gyr. Of the 1000 binaries, 212 of them were unresolved at the end of the run (in other words, they had not reached some end state, such as merging or ejection). In run 3, we injected the binaries at some random time drawn evenly between zero and 15Gyr, and evolved them up to a time of 15Gyr. This procedure increased the number of unresolved systems to 474. In other words, in a fairly concentrated cluster, a large fraction of the binaries that have entered the core will still be present today.
In runs 1-3, the number of smothered neutron stars produced greatly exceeds the number of LMXBs produced, by a factor 5. Also, the number of white dwarf/white dwarf merger events produced via gravitational-radiation inspiral is approximately comparable to the production rate of LMXBs. One might therefore be optimistic that a large fraction of the MSPs observed in globular clusters may have been produced through evolutionary paths not including an LMXB phase, for example by accretion from the thick disk surrounding the neutron star in smothered systems (Krolik 1984) . It should also be noted that the fate of a white dwarf/white dwarf merger is unclear; such an event may produce a supernova leaving no remnant, or the neutron produced may not have a low magnetic eld or rotate rapidly (Phinney & Kulkarni 1994) .
All three runs produced 300-400 blue stragglers. Limiting the evolution time, and inserting the binaries at random times rather than at a time of zero both reduced the production of contact binaries and mergers via GR inspiral. From Table 10 we see that the number of LMXBs and CVs produced decreases from 121 to 48 comparing run 1 to run 3. We believe globular clusters are 15 Gyr old, and a steady ow of binaries into the core may be more physical than an instantaneous insertion of all of them at zero age. Hence, one might believe run 3 to be the physically more relevant of runs 1-3.
The E ect of Changing the IMF
In the rst three runs, we considered the binary to be comprised of two 0:8393M main-sequence stars. The actual binaries are more likely to be composed of stars having a range of masses, hence we now allow the binaries to be composed of stars of di erent mass, drawing the masses of the two stars independently from the IMF, with the additional criterion that the total mass be larger than 1M , this being typical of the average mass of stars in the cores of fairly concentrated clusters. In runs 4-6, we evolve the binaries for 15Gyr, and inject them at random times as was done in run 3. We consider three values for the IMF, having values of 2.35, 2.70, and 2.00 for runs 4, 5, and 6, respectively (where the IMF is given by the power law, dN=dm / m ). The number of blue stragglers produced is seen to be a sensitive function of the IMF; fewer blue stragglers are produced for smaller values of . The number of smothered neutron stars also depends on . The atter the IMF, the larger the number of neutron stars in the core, and thus the production rate of TZOs and LMXBs increases, whilst the production of CVs becomes less likely. This e ect has already been noted by Hut & Verbunt (1984) .
The E ect of the Evolution of Smothered Neutron Stars
We now consider the e ect of assuming a smothered neutron star in a binary will expand to form a red giant and engulf its companion forming a CE phase, in a manner analagous to that for smothered white dwarfs, rather than evolve rapidly to some cataclysmic event such as a supernova explosion. In runs 7-10, we injected 1000 binaries at randon times into the core of the cluster having W0 = 12:0 and an IMF with = 2:35. In runs 8 and 9, the binaries always comprised of two 0.8393M main-sequence stars, whereas in runs 7 and 10, the masses were drawn from the IMF, as described earlier. In runs 7 and 8 we evolved the binaries up to a time of 15Gyr, whereas in runs 9 and 10 we evolved the binaries until one of the events described in x5.5 occurred.
Comparing run 7 to run 4, we see only a slight increase in the number of LMXBs produced. There are 28 additional unresolved binaries. In other words, we have produced fewer objects containing neutron stars in smothered or contact systems in run 7 compared to run 4. It is also important to note that the ratio of LMXBs to smothered systems is also quite di erent between runs 4 and 7. In the former many more smothered systems are produced. Comparison between runs 7 and 10 show that if we are willing to wait long enough, we are eventually left with more neutron stars in contact or smothered systems. The number of neutron stars merging with white dwarfs is particularly enhanced, as is the number of white dwarf/white dwarf mergers. Comparison of runs 7 and 10, to 8 and 9, show that binaries containing more massive stars tend to lead to fewer unresolved binaries (comparing runs 7 and 8), and a boost in the production of blue stragglers.
The E ect of Changing ce
In runs 11-13, we investigate the e ects of changing the value of the e ciency of the common envelope stage, ce. As mentioned earlier, it has been suggested that ce 0:2 0:4. In our previous runs, we have assumed ce = 0:4, in runs 11, 12, and 13 we took ce = 0.2, 0.1, and 0.05, respectively. In all three runs, we use the cluster model with W0 = 12:0, and = 2:35. We inject the binaries at a random time between zero and 15Gyr, and evolve the binaries up to the present time (15Gyr). We treat smothered neutron stars in the same way as runs 7 -10, i.e. assuming the envelopes expand to engulf the binary companion. The binaries are selected in the same way as run 4.
Decreasing the value of ce has the following e ect: the number of unresolved binaries decreases, as CE phases leave the two stars much closer together. In the case of two compact objects they are su ciently close to merge via gravitational radiation inspiral (hereafter denoted as MGRI) in more systems, hence we see a higher rate of such mergers. However, we note that the e ect is relatively small: a factor of three between run 7 ( ce = 0:4) and run 13 ( ce = 0:05). The production rate of blue stragglers is seen to be independent of ce.
Production Rates for a More-concentrated Cluster
We now consider encounters in a more concentrated cluster, where W0 = 16:0. Run 14 uses the same parameters as run 13, except for the cluster model. Comparing these two runs, we note that the number of unresolved binaries is greatly reduced in run 14 as the encounter timescale is much shorter because of the denser cluster core. The number of MGRI events is also much larger in run 14. Owing to the higher concentration, the more collapsed cluster has much higher mass segration, and thus the core contains a larger fraction of neutron stars. It therefore comes as no surprise to see a larger fraction of the MGRIs containing neutron stars in run 14 than run 13. The number of blue stragglers produced in both runs are comparable. In run 15, we repeat the conditions of run 14, except we use ce = 0:4. This has the e ect of reducing the number of MGRIs produced and slightly increasing the number of unresolved binaries, as two stars are left further apart after a CE phase.
Run 16 is a repeat of run 15, except the evolution is halted as soon as a smothered neutron star in produced (the outcome being labelled \TDS" as before). From 1000 binaries, some 220 smothered neutron stars are produced. Including the MGRI events, the ratio of smothered neutron stars to LMXBs is 10 in run 16, compared to 3 in run 15. Clearly deciding how smothered neutron stars evolve is a crucial question in computing the ratio of LMXBs to other systems containing neutron stars.
In run 17, we repeat run 16, except we inject all the binaries into the cluster core at a time of zero. This has the e ect of greatly reducing the number of unresolved binaries. The number of ejected binaries increases, as does the number of smothered neutron stars. However, the number of MGRIs and contact binaries remains essentially the same as for run 16. In Figure 8 we plot the nal outcomes of the binaries in run 17 as a function of time. Comparison with Figure 7 makes it clear that the evolutionary timescale for binaries in the more-concentrated cluster is signi cantly shorter, with all binaries reaching some end state in < 10Gyr.
Finally, in runs 18{20 we investigate the e ect on production rates of changing the IMF. Runs 18 and 19 are repeats of run 16, except we use IMFs with = 2.0, and 2.7, respectively. As was the case for the cluster model with W0 = 12:0, the number of blue stragglers produced is a sensitive function of ; the number of blue stragglers being produced ranging from 100 to 230. The ratio of LMXBs to CVs is also seen to vary with ; a larger implies a smaller number of neutron stars relative to white dwarfs and thus the ratio of LMXBs to CVs is reduced. In run 20, we repeat run 18, but do not halt the evolution of the binary when a smothered neutron star is produced. Comparison of run 20 to run 18 shows a decrease of the ratio of smothered neutron stars to LMXBs.
Production Rates for Less-concentrated Clusters
We now consider less-contrated clusters. In runs 21-23, we take the conditions of run 16, except that we use three di erent models for less-concentrated clusters, having W0 = 8.0, 6.0, and 4.0 respectively. In all three runs, the lower density of stars leads to a much longer timescale for encounters compared to the denser clusters considered earlier. The vast majority of the 1000 binaries remain unresolved. The number of blue stragglers produced is seen to decrease steadily with decreasing core density. Only a handful of contact binaries are produced in the three runs, and no MGRI events occurred.
Comparison of 2+1 to 1+1 Rates
We now compare the production rates of astrophysically interesting objects by 2+1 encounters to those from encounters between two single stars, listed for the various cluster models in Table 9 . The encounter rates listed in Table 9 are given in units of encounters/10 8 years, hence assuming the globular clusters are 15Gyr old, we must multiply these numbers by 150 to obtain the total number produced (on our assuption that the population of single stars is static). In considering encounters between binaries and single stars, we injected 1000 binaries into the cluster cores. We must now consider how many binaries we expect to nd in the cores of the various models. In the introduction, we stated that 2+1 encounters will be more important than 2+2 encounters provided that the mass fraction contained in binaries was small. Indeed in modelling the clusters as King-Mitchie models we neglected the e ects of the binaries on the distribution of stars within the cluster. If we make the simple assumption that at a given time, 10% of the stars in the core are contained in binaries, then we conclude from Table  8 that cluster models A-C contain 1000-1500 binaries at any given time. For models D-F, the number is in the range 500-700, and for clusters G, H, and I, the numbers of binaries are 2500, 2000, and 1300 respectively. We now have to BS is the number of blue stragglers produced. Under NS we list the number of neutron stars involved in 1+1 encounters,the number forming X-ray binaries (XB) via 2+1 encounters, and those in smothered systems formed via 2+1 encounters. We list the equivalent three numbers for white dwarfs under WD, with CV standing for cataclysmic variables. As in Table 10 , systems brought into contact via gravitational radiation are labelled MGRI (mergers through gravitational radiation inspiral). Here we subdivide this outcome into: neutron star/white dwarf mergers (NW), and white dwarf/white dwarf mergers where the total mass is greater than the Chandrasekhar mass (WD 2 a ). In models B 0 and E 0 , we treat the evolution of a smothered neutron star in a binary in the same way as for white dwarfs and assume the envelope expands engul ng the other binary component and leading to a common envelope phase. We also take the common envelope e ciency ce = 0:05 rather than the value used in the other runs listed ( ce = 0:4).
consider the average time taken by a binary injected into a core to reach one of the end states (i.e. ejection, merging etc ). For cluster models A-C, inspection of Table 10 (runs 4-6) reveals that 500 of the original 1000 binaries have reached some end state in 15Gyr. For models D-F, this number is 0 200. In fact, in these more collapsed clusters, 50% of the binaries have reached some end state in 1 2Gyr. Hence for cluster models D-F, we might imagine that in 15Gyr, the core is able to \process" 2000 4000 binaries. In all other cases, our assumptions here seem to suggest that the cores will be unable to deal with more than 1000 binaries. In the case of models G-I, only a very small fraction of injected binaries will reach some end state, as seen in Table 10 . In other words when comparing the rates for encounters between two single stars given in Table 8 to those for encounters between single stars and binaries given in Table 10 , we should apply the following factors to the latter: 1 for models A-C, 2 4 for models D-F, and 1 2 for models G-I. Assuming encounters happen at a uniform rate over 15Gyr, we should then multiply the rates in Table 9 by a factor of 150.
In Table 11 , we list the total expected production of blue stragglers and systems containing compact objects, assuming the adjustment factors discussed in the previous paragraph. Considering rst the production of blue stragglers, we see that the ratio of the number produced via 2+1 encounters to the number produced via 1+1 encounters is a sensitive function of cluster concentration and IMF. In models A-C, roughly equal numbers of blue stragglers are produced through both pathways. We note again that a larger value of the IMF power law, , implies a greater mass fraction contained in main-sequence stars, which leads to an increase in the production of blue stragglers. We now consider the most concentrated clusters, models D-F. In model D, we produce very few blue stragglers from 1+1 encounters. We have a relatively at power-law IMF, and the lower-mass main-sequence stars have been largely excluded from the core by the e ects of mass segregation. In models E and F, the steeper power-law IMF, means more main-sequence stars remain in the core, and the number of blue stragglers produced are larger than for models B and C because of the increased density. By comparison, the number of blue stragglers produced via 2+1 encounters show less variation between models D-F. In models D and E, the number of 2+1 events is greater than the number of 1+1 events, whereas for model F, the two numbers are comparable. Finally, looking at the least concentrated clusters considered, namely models G-I, we see that 2+1 encounters are signi cantly more important than 1+1 encounters in producing BSs in lowdensity clusters. We also note that in models B 0 and E 0 in Table 11 , we have changed the way we deal with smothered neutron stars contained in binaries, treating them exactly the same as white dwarfs. One would expect this to have little e ect on the production of BSs, an expectation seen in the results.
We next consider the number of systems produced con- 16 Davies taining neutron stars. Looking rst at models A-C, we see that the number of neutron stars involved in 1+1 encounters is roughly equal to those in X-ray binaries or smothered systems produced from 2+1 encounters. Both numbers show a strong dependence on the IMF power law, , with a atter IMF leading to an increase in the number of systems produced. We note also that the number of systems brought into contact via gravitational radiation is relatively small. If we assume systems produced via 1+1 encounters all form smothered systems, then our ratio of smothered systems to X-ray binaries 10:1. Considering next the mostconcentrated clusters, models D-F, we see that the number of systems produced has increased compared to models A-C owing to the greater densities and increased core mass fraction contained in neutron stars due to stronger mass segregation e ects. We also note that the number of MGRI systems has increased; owing to the shorter encounter timescale in the densest cores, systems pass through a common envelope stage at an earlier time, and thus have more time to spiral together. If we include all neutron star/white dwarf and white dwarf/white dwarf (with total mass above the Chandrasekhar limit) coalescences in the total number of smothered neutron star systems, then this number will be enhanced by 10{60 % for models D-F. With the same assumptions as above, we expect the ratio of smothered systems to X-ray binaries 15:1 for model D, and 30 : 1 for model F. We thus see that it is quite possible that a much larger number of systems are produced containing smothered neutron stars. If these systems evolve into MSPs, they may do so without passing through a prolonged phase of X-ray emission, hence we would not expect to see roughly equal numbers of LMXBs and MSPs in globular clusters. Assuming that LMXBs have a lifetime 1Gyr, then we would expect to see 1 3 LMXBs in cluster models A-F. Let us now consider models B 0 and E 0 . As mentioned earlier, in these runs we treated smothered neutron stars in binaries in a similar way to smothered white dwarfs, assuming their gaseous envelopes expanded to engulf the other component of the binary to enter a common envelope phase. In order to maximise the number of MGRI products, we considered a relatively low value for the common envelope e ciency, ce = 0:05, which will leave post-CE phase stars closer together than larger values. We note that the number of X-ray binaries is increased slightly (comparing B 0 to B, and E 0 to E). The total number of smothered systems produced via 2+1 encounters is reduced only slightly though this result is very dependent on the value of ce. The ratio of smothered systems to X-ray binaries 10 : 1 for model B 0 , and 20 : 1 for model E 0 , these ratios being reduced by a factor of two when ce is increased to 0.4. Hence we see the importance of determining the subsequent evolution of smothered neutron stars, and calculating the value of ce.
We should remind ourselves of the uncertainty in the outcomes of encounters between a neutron star and a mainsequence star. In the ratios computed above, we have assumed that all such encounters will produce smothered neutron stars. In previous work (Davies, Benz & Hills 1992] ), we showed that at least 0:5 of the encounters between single main-sequence and neutron stars would produce smothered systems. If only one half actually did so, then the ratio of smothered systems to X-ray binaries 5 : 1 for models A-C, with similar reductions in the other models. Hence we conclude two things: 1) the fraction of single encounters producing clean binaries would be a useful number to determine, and 2) even if half such encounters produce clean binaries we still seem likely to produce a much larger number of smothered systems, the pessimistic factor of ve mentioned here possibly representing a useful step towards explaining the excess of MSPs compared to LMXBs as seen in globular clusters today.
Finally, we consider the number of systems produced containing white dwarfs. In some sense, comparison of the 1+1 to the 2+1 rates is misleading, as we have assumed in all 2+1 runs that a smothered white dwarf in a binary will essentially form a red giant and engulf the other companion to form a common envelope system. If we assume that none of the systems produced via 1+1 encounters will produced CVs, then we conclude that the number of CVs will be very much smaller than the number of smothered white dwarfs produced for models A-F. We expect the smothered white dwarfs to evolve to form red giants; the compact object accreting material as the envelope expands. In the case of the most-massive white dwarfs smothered by the remains of a main-sequence star, it is possible that it will accrete enough material to exceed the Chandrasekhar mass, possibly forming a neutron star via AIC. The number of white dwarf/white dwarf mergers occuring via gravitational radiation inspiral where the total mass is less than the Chandrasekhar limit is negligible for all models.
